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Allogeneic lymphocytes mixed in  vitro  ("mixed  cultures")  undergo  a  series  of 
changes characterized by increased synthesis of RNA, protein, and DNA resulting in 
morphological transformation  (1-3), provided that  the lymphocytes originate from 
individuals who are incompatible at the major human histocompatibility locus. Syn- 
thesis of DNA occurs 2-3 days after mixing and mitoses appear from the 3rd to the 
5th day. 
Similar cellular changes occur in lymphocytes stimulated by phytohemagglutinin 
(PHA)* (4). This growth stimulating effect of PHA has been investigated by means of 
cytophotometric techniques (5-7). Fluorescence measurements were carried out on in- 
dividual fixed leukocytes stained with acridine orange (AO) which binds to the nega- 
tively charged phosphate groups in nucleoproteins (8). A few minutes after adminis- 
tration of PHA, a pronounced increase in fluorescence intensity was found, due to an 
increased AO binding to the deoxyribonucleoprotein (DNP) complex of the stimulated 
cells. No change in the cellular amounts of nucleic acids occurred during this time (5, 
6). It was concluded that the increased AO binding was due to an unscreening of pre- 
viously masked phosphate groups in DNA, most probably as a  result of weakened 
bonds between the DNA and the protein moiety in the DNP  complex. Such DNP 
changes might be of importance for the later synthesis of RNA and blast transforma- 
tion (5-7). 
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The purpose of the present work was to study the DNP  complex of lympho- 
cytes during stimulation with allogeneic cells in the mixed culture system by 
means of the AO  microfluorimetric technique, with special emphasis directed 
to early changes in DNP  and its relationship to incompatibility at  the major 
human transplantation antigen locus (HL-A). 
Materials and Methods 
Preparation of Lymphocytes.--Freshly drawn venous blood was defibrinated by shaking with 
glass beads. Subsequently, the blood was mixed with 3% gelatin and allowed to sediment for 
3(t-40  min at 37°C  (9).  The supernatant containing predominantly small lymphocytes was 
washed twice in Ringer's solution by centrifugation at 50 g for 5 min and suspended in Eagle's 
suspension medium containing 10% heat-inactivated (30 rain at 56°C) human AB serum, 500 
IU penicillin,  0.1 #g streptomycin, and 30 IU mycostatin per m]. Viable cells were counted in 
a Bfirker hemocytometer  after staining of dead cells with trypan blue. 
Lymphocyte Culture~.--lO  s lymphocytes in 1 ml of medium from one donor were mixed with 
the same number of lymphocytes in 1 ml from another. In the controls, 2 )<  106 cells of each 
lymphocyte suspension were cultivated alone in 2  ml of medium  (3).  The tubes were im- 
mediately gassed with air containing 10%  CO2, stoppered, and incubated at 37°C. In some 
experiments tube cultures were centrifuged at 50 g for 5 min prior to incubation to achieve an 
efficient and immediate cell to cell contact. After various times (1-120  hr) the cultures were 
harvested for cytochemical analysis. The tubes were centrifuged at 50 g for 5 min and the 
lymphoid pellets resuspended in 0.3 ml of Ringer's solution. The suspension was transferred 
with a Pasteur pipette to a Btirker hemocytometer slide which was immediately transferred to 
a  fixative solution of equal volumes of ethanol and acetone. Only a  small percentage of the 
cells remained attached to the Bfirker slide after this treatment. The selection of cells achieved 
by this procedure did not influence the cytochemical analysis, since no difference in AO bind- 
ing was found in similar studies between lymphocytes attached to glass and cells detached by 
washing3 The cells were fixed for 30 rain at room temperature and stored in the fixative at 
4°C until cytochemical analyses were performed. 
AO Staining.--The staining of lymphocytes  was performed according to the procedure pre- 
viously described (7, 8). Mter acetylation with 40% acetic anhydride in pyridine, the prepara- 
tions were stained in 10  -4 M AO in an Na2HPO4  citrate buffer (pH 4.1,  ionic  strength 0.6), 
and were then incubated in pure buffer to permit diffusion of unbound dye. The preparations 
were mounted in the buffer and sealed with Entellan (E. Merck  AG., Darmstadt,  West  Ger- 
many). 
Cytophotometric Analyses.--AO  stained cells were excited individually in ultraviolet light 
(X¢~ =  365 nm) and the fluorescence intensities at 530 nm were measured in a  microspectro- 
fluorimeter described by Caspersson et al.  (10). 
The fluorescent dye AO  binds stoichiometrica]ly and specifically  to nucleic  acids in the 
present type of material (6, 8). The binding of the dye is dependent on the amount of available 
binding sites on the nucleic  acid and also on its secondary structure (8). Nucleic acids with 
double helical  structure (e.g., DNA) bind AO in a monomer form giving rise to an emission 
maximum at 530 nm in the microspectrofluorimeter  used in the present work, whereas single- 
stranded nucleic acids (e.g., RNA) bind AO in associated form with an emission maximum at 
590 nm (7, 8). Since the fluorescence intensity at 530 nm (Fsa0) is only slightly dependent on 
the presence of single-stranded nucleic acids, the recorded F530 values are a good measure of 
the amount of AO binding sites in the DNP complex (8). This is true particularly in the case 
of lymphocytes  from peripheral blood which contain very small amounts of RNA. 
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The DNA content of individual lymphocytes as represented by their total extinctions at 546 
nm (E~46) after Feulgen staining was determined in a rapid scanning microspectrophotometer 
OiL 
Determination of DNA Synthesis.--Mter  5-6 days incubation, the cultures were incubated 
with 0.1  /zCi/ml uC-thymidine  (The  Radiochemical Centre, Amersham,  Buckinghamshire, 
England) (specific activity, 25 mCi/mmole) for 24 hr. The cells were then washed twice in cold 
Ringer's solution and dissolved in 1 ml of formic acid. 0.3  ml of the solution was added  to 
plastic planchettes and after evaporation of the formic acid they were counted in a gasflow 
Geiger detector (Nuclear-Chicago Corp., Des Plaines, Ill.) (12). 
Histocompatibility Typing.--Serological determination of HL-A phenotypes were performed 
with the microcytotoxicity technique as modified by Kissmeyer-Nielsen and  Kjerbye  (13). 
Antiserum against the well-defined HL-A antigens 2, 3, and 9 of the LA sublocus,  and 5, 7, 
and 8 of the 4 sublocus were employed. In addition antibodies against antigens ILN5  both 
allelic to HL-A 1, 2, and 3 were used (14). Antiserum Ba contains antibodies against HL-A2 
and against a  sixth antigen of the LA sublocus  (Bax).  One antiserum detects  antigen  HN, 
atlelic to HL-A 5, 7, and 8 (14). 
HL-A identity between lymphocytes from two individuals was tested by serological typing 
and by measuring the incorporation of i4C-thymidine in simultaneous mixed lymphocyte cul- 
tures. Both tests indicated independently that the individuals were HL-A identical. 
RESULTS 
Kinetics of A 0 Binding to DNP of Lymphocytes in Allogeneic Mixed Cultures.-- 
Lymphocytes from two unrelated blood donors were mixed and subsequently 
harvested  at different time intervals.  1 hr  after mixing, the  cells exhibited  a 
higher AO binding capacity to their DNP complex than the control nonmixed 
lymphocytes (Fig.  1).  After  attaining  a  maximal AO  binding  value  at  3  hr, 
there was a  gradual decrease in AO binding  to DNP, both in mixed and non- 
mixed cells.  As a rule, there was no difference between mixed and control cells 
with respect to the ability to bind AO after 24-48 hr. The time needed to reach 
the peak value could be decreased from 3-6 hr to  1-3 hr if the cultures were 
initially centrifuged, thus permitting an immediate cell to cell contact (Table I). 
There was no difference in AO binding between mononuclear and polymorpho- 
nuclear leukocytes and the variation in AO binding among individual cells was 
quite low within  a  given leukocyte population  (Table II). After mixing, this 
low intercellular variation did not increase (Table II, Fig. 2)  and there was no 
evidence of a bimodal distribution  of AO binding values despite the fact that 
the nonmixed A  and B  cells exhibited quite different AO binding values (Fig. 
2). These results indicate that all cells react in a very similar way when con- 
fronted with allogeneic cells as far as AO binding to DNP is concerned. The re- 
sults from 13 mixed culture experiments are summarized in Fig. 3. At 6 hr after 
mixing there was,  in  all cases,  a  higher AO binding  capacity to DNP  in the 
mixed lymphocytes than in the nonmixed controls, whereas at 48 hr this differ- 
ence was not noted. 
DNA measurements on individual cells by Feulgen cytophotometry did not 
reveal any changes'in the amounts of DNA during the first 24 hr after mixing 
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of the lymphocytes could not  be explained by any changes in the  amount  of 
cellular DNA. 
A O binding to HL-A  Identical Cells in Mixed Cultures.--Since stimtflation of 
morphological transformation  and DNA  synthesis in mixed cultures  appears 
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Fro. 1. AO binding of the DNP complex (Mean fluorescence intensity/cell at 530 nm)  in 
nonmixed  (open symbols) and mixed (solid symbols) lymphocytes sampled at different times 
after mixing. Standard error of the means are shown (N =  10-20). 
TABLE I 
Effect of Centrifugation an AO Binding  to the DNP Complex of Nonmixed  and Mixed 
Lymphocytes after 45 Min aml 6 Hr Incubation  (Mean F53o/Cell 4- SE, Rd.  Units, 
N  =  lo-2o) 
Lymphocyte 
donors 
45 min  6 hr 
Noncentrifuged  Centrifuged  Noncentrlfuged  Centrifuged 
A  2.0  4- 0.10  3.9  4-  0.18  1.7  4- 0.12  3.1  4- 0.09 
B  2.1  4- 0.25  3.8  4- 0.13  2.0  4-  0.03  3.1  4- 0.12 
A +  B  2.0  4- 0.08  4.7  4- 0.16  2.7  4- 0.24  1.5  4- 0.08 
to occur only when the two individuals are incompatible at the HL-A locus (15), 
other  antigenic  differences being  irrelevant, we  investigated whether  the  in- 
creased  AO  binding  capacity  occurring  in  allogeneic mixtures  was  causally 
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cal siblings and with twins suspected to be monozygotic. As a control, lympho- 
cytes from each of the HL-A identical individuals were mixed separately with 
cells from a  common HL-A nonidentical individual. The control individuals in 
TABLE II 
Comparison between AO Binding to the DNP Complex (F53o, Re]. Units) of Mononudear and 
Polymorphonuclear Leukoeytes in Nonmixed and Mixed Leukocyte 
Cultures after 1 tit Incubation 
Mononuclear  cells  Polymorphonuclear cells 
Leukocyte  N  N 
donors  F~30 ~  SE of  Coefficient  F~0 -4- SE of  Coefficient 
the mean  of variation  the mean  of variation 
%  % 
A  20  1.7  4- 0.03  4.7  20  1.7  4- 0.03  6.0 
B  20  0.9  4- 0.03  8.8  20  0.9  4- 0.06  11.4 
A +  B  20  3.3  4- 0.08  9.9  20  3.3  4- 0.11  10.1 
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Fzc. 2.  Frequency distribution of the amount of AO bound to DNP in individual lympho- 
cytes as represented by fluorescence intensity at 530 nm (Fsa0) in nonmixed (A, B) and mixed 
(Aq-B) 3 hr cultures. 
all experiments differed markedly from the twin and sibling couples with regard 
to HL-A antigens (Table IV). In Experiment 2, no HL-A antigens were identi- 
fied  in  S  which  were  incompatible  to  Tz  and  Tiz.  However,  the  increased 
14C-thymidine incorporation in mixed ctfltures unequivocally showedthat S  con- 360  LYMPHOCYTE  RECOGNITION  OF  HISTOINCOMPATIBILITY 
tained  one  or more not yet  identifiable  HL-A  antigens.  In  cases where com- 
patibility really exists,  the l+C-thymidine incorporation response is very weak? 
All three sets of twins reacted identically with the HL-A reagents used in these 
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tured separately ~  plotted  against AO  binding  to DNP  in lymphocytes  from  the two 
donors mixed  together  (A ~  B)  after 6 hr and 48 hr incubation.  Points above the dotted line 
represent an increase of binding sites in DNP of lymphocytes in mixed cultures as compared to 
nonmixed cells. 
TABLE  III 
AO Binding to the DNP  Complex  (F530)  and Feulgen DNA  Content  (E~46) of Nonmixed and 
Mixed Lymphocytes  45 Min and 24 Hr after Incubation (Means 4- sE, Rel.  Units, N=25) 
45 min  24 hr 
Lymphocyte  donors 
F~0  E~4~  F~a0  E5<6 
A  3.6  4-  0.1  5.9  4-  0.1  1.4  ±  0.1  6.0  :t=  0.2 
A  q-  B  5.1  ±  0.6  6.3  -4-  0.1  1.4  4-  0.1  6.5  4-  0.2 
tests and no stimulation of DNA synthesis was observed in mixed lymphocyte 
cultures, suggesting that they were identical at the HL-A locus.  (These results, 
however, do not rule out the possibility that they were nonidentical siblings in 
M611er,  E., E. Thorsby, and  G. Lundgren.  Unpublished  observations. ANDERSSON~  KILLANDER~  MOLLER,  AND  MOLLER  361 
25 %.) Two sets of siblings were tested in an analogous way and were found to be 
HL-A identical. 
TABLE IV 
uC-Thymidine  Incorporation  (cpm/Culture  4-  s~,  Calculated from  Quadruplicate  Cultures) 
after 6 Days Incubation and AO Binding  to the DNP Complex of Lymphocytes 
(Mean Fs~o, Rel.  Units) after 3 Hr Incubation in Mixed Cultures of 
Incompatible and Compatible Donors 
Lymphocyte donors  HL-A phenotype  cpm/culture  F~80 4- SE  N =  20 
Exp. 1 : 
TI  3, ILN~-7, 8  569  4-  14  1.3  4-  0.02 
TII  3, ILNX-7, 8  385  4-  37  0.8  4-  0.01 
S  1, 9  -5,--  676  4-  52  1.7  4-  0.03 
TI +  TII  487  4-  46  0.9  4-  0.02 
T~ q- S  3836  4-  88  2.9  4-  0.09 
TIt q- S  3388  4-  75  3.1  4-  0.06 
Exp. 2 : 
TI  2, 3  -(--,--)  407  4-  54  1.9  4-  0.05 
TII  2, 3  -(--,--)  446  4-  15  1.4  4-  0.04 
S  (2,--)-(--,--)  326  ±  32  1.4  4-  0.03 
TI +  TII  449  4-  44  2.2  4-  0.03 
TI +  S  3257  4-  202  4.2  =t=  0.07 
TII-t- S  2939  4-  216  4.0  4-  0.08 
Exp. 3: 
TI  (3,--)  -HN,-  375  4-  52  1.8  4-  0.03 
TII  (3,--)  -HN,-  306  4-  37  1.9  4-  0.05 
S  ILN  x, 9-HN,-  231  4-  18  1.2  4-  0.04 
TI +  TII  408  4-  18  1.6  4-  0.09 
TI +  S  3911  4-  590  3.3  4-  0.08 
TII +  S  3615  4-  656  4.1  4-  0.06 
Exp. 4: 
STI  2, 3  -7, FJH  830  4-  58  2, 9  4-  0.16 
STII  2, 3  -7, FJH  606  4-  51  3, 8  4-  0.05 
S  (3,--)-5,-  530  4-  79  2, 5  4-  0.06 
STI +  STII  645  4-  13  3, 4  4-  0.15 
STI +  S  3704  4-  422  6, 2  4-  0.09 
STII +  S  3087  4-  140  5, 5  4-  0.22 
TI and TII  (Exp. 1-3) denote suspected monozygotic twins, STI and STII  (Exp.  4)  sib- 
lings and  S indicate nonrelated subjects in all experiments. 
In no  case where HL-A  identity  existed between  two  individuals mixed to- 
gether was there  any change in AO binding  of lymphocytes  (Table IV)  at  any 
time  after mixing  (Fig. 4),  whereas  marked  early  increase  in AO binding  and 362  LYMPHOCYTE  RECOGNITION  OF  HISTOINCOMPATIBILITY 
late  14C-thymidine  incorporation  were  found  in  the  control  mixed  cultures 
(Table IV and Fig. 4). Since the experiments were performed between siblings 
as well as between twins, it seems very probable that the increased AO binding 
to DNP is combined to situations in which HL-A incompatibility exists between 
the different individuals. 
DISCUSSION 
The capacity of cells to bind AO to their DNP has been found to correlate 
well with growth activity. Thus, increased AO  binding has been found after 
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nonmixed (open symbols) and mixed lymphocytes (solid symbols). Donors of lymphocytes: 
HL-A identical twins (TI and Tzi) and an unrelated subject (S). (See  Exp. 2, Table IV). 
PHA stimulation of human leukocytes (5-7), in leukocytes from patients with 
infectious mononucleosis (16)  showing spontaneous  proliferation,  after reac- 
tivation of hen erythrocytes (17) and in the "mixed lymphocyte culture" system 
as presented here. The reverse situation, i.e., a decreased AO binding in connec- 
tion with a decreased growth activity has been observed during spermiogenesis 
(18)  and in contact-inhibited cells. 4 The nature of the varying degree of AO 
binding is not yet fully understood, but it is most probably due to structural 
changes in DNP involving alterations in the DNA-protein bonds (5-7, 17, 18). 
This hypothesis is further supported by the decreased thermal stability and 
stretching of the DNP  complex (7,  17,  19)  found in growth-stimulated  cells 
4  Zetterberg, A., and G. Auer.  Chromatin-inactivation  and  contact inhibition of cell 
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with a high AO binding capacity. These AO results are in good agreement with 
previous  chemical  data  on  isolated  DNP,  from  which  was  concluded  that 
removal of histones from DNA resulted in increased repulsion of the unscreened 
DNA phosphate groups, leading to a stretching (20)  and a decreased stability 
of the DNA molecule (21). In such a  physical state the template activity of 
DNP was found to be increased (21). 
In the cellular system, increased AO binding to DNP  was not necessarily 
followed by increased RNA synthesis. As shown in the present work and pre- 
viously (7,  16),  all cells,  irrespective of cell type, respond with increased AO 
binding after growth stimulation, but only a fraction of the cells will proliferate. 
On the other hand, no growth stimulation at all took place, unless there was a 
previous  increase  in AO  binding  to DNP  (5,  7),  suggesting  that  the  DNP 
change, characterized by increased AO binding, is a necessary, but by itself in- 
sufl~cient, prerequisite for the initiation of RNA synthesis. Additional and prob- 
ably more specific derepression processes must operate to direct synthesis of 
RNA in the individual cells. Acetylation of histones  is likely to be  one such 
derepression process (22,  23). 
The early increased AO binding found in the present work is thus in  agree- 
ment with the general idea of DNP changes after growth stimulation. However, 
the later decrease in AO binding found between 6 and 24 hr is still obscure. Since 
there was no loss of DNA from the cell nuclei, a  reversed change must have 
been taking place in the DNP complex. Recent findings show that crowding of 
hen erythrocytes (24), mammalian lymphocytes,  5' e and other cells  s on  glass 
induces increased AO binding to the DNP  complex of the crowded cells.  It 
thus is possible that changes inlymphocyte adhesiveness as a consequence of the 
mixed lymphocyte culture is responsible for the observed changes in AO bind- 
ing. Further work is needed to delineate the actual mechanism for the increased 
AO binding in this test system. 
The present  experiments demonstrate that  a  rapid  reaction may occur in 
mixed lymphocyte cultures in vitro, reaching a peak as soon as 3 hr after estab- 
lishment of cellular contact. The reaction occurs only when the donors of the 
lymphocytes are HI,-A incompatible, but not when they are HL-A compatible, 
although they differ with regard to other histocompatibility loci. Lymphocytes, 
and granulocytes as well, respond with equal intensity and kinetics. The AO 
binding ability does not reflect a concomitant increase in the amount of DNA. 
Anyhow, stimulation of DNA synthesis, which appears later, is also dependent 
upon the existence of HL-A discrepancies between the lymphocyte donors. 
In mixed lymphocyte cultures between cells derived from individuals, which 
are incompatible with regard to the HL-A locus or analogous dominant systems 
5  Bolund, L., Z. Darzynkiewicz,  and N. R. Ringertz. Unpublished observations. 
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in animals,  it is generally assumed that the cellular reactions reflect immuno- 
logical recognition reactions.  This  conclusion  has  been substantiated by the 
demonstrations that no cellular reactions occur in situations where the lympho- 
cytes are derived from donors that are genetically or immunologically tolerant 
to the foreign histocompatibility antigens of the added cells (25, 26). Immuno- 
logical recognition processes are  assumed to be a property of only a small pro- 
portion  of  lymphocytes equipped  with specific receptors. In transplantation 
systems,  the fraction of reactive cells  is unusually large  (1-2%).  The HL-A 
system appears to consist of two subloci and each allele on these loci carries one 
antigenic specificity (13). Therefore, two individuals may differ by at most four 
HL-A antigens. In terms of immune recognition it appears likely that not more 
than 4-8 % of the lymphocytes would be competent to respond in a mixed cul- 
ture. There seems to be two major possibilities to explain the present findings: 
(a) A small number of lymphocytes respond initially by conventional immuno- 
logical recognition and these cells  have the  ability to trigger  other noncom- 
mitred lymphocytes and granulocytes as well, to change in such a way that they 
acquire an increased ability to bind AO.  (b)  A  nonimmunological mechanism 
common to all cells is responsible for the increased binding ability. In several 
systems it has been described that soluble protein substances, can be released 
from specifically sensitized lymphocytes in contact with the corresponding anti- 
gen  (27).  These  substances  may  trigger  a  response  in  noncommitted  cells, 
making them act in different test systems as if they were immunocompetent to 
the specific antigen. However, in the present situation, the speed of the reaction 
makes it unlikely that protein synthesis could be initiated. The possibility that 
some factors were released from competent cells without actually being synthe- 
sized cannot be excluded as yet. According to the second alternative all cells, 
including granulocytes, share the ability to react upon contact with cells carry- 
ing foreign HL-A antigens with an increased AO binding ability. This reaction 
may be abortive, since only a minor part of the lymphocytes proceed to cell di- 
vision. 
There are several cellular recognition phenomena which are common to many 
cell types. One of these are particularly relevant in connection with histocom- 
patibility  antigens,  namely the  allogeneic inhibition phenomenon  (28).  This 
phenomenon is induced when normal or neoplastic cells of various histological 
types are confronted with foreign histocompatibility antigens and is expressed 
as growth retardation or cytotoxicity. The actual mechanism of the allogeneic 
inhibition phenomenon at the cellular level is unknown, but it may represent a 
model for the present phenomena. 
Changes in AO binding ability, depending on alterations in the DNP struc- 
ture, reflects a specific recognition of HL-A antigens, whereas other antigenic 
discrepancies between the individuals do not cause an analogous response. It 
remains  to be  established whether  the  AO  binding  reactivity also  occurs in ANDERSSON, KILLANDER, MOLLER, AND MOLLER  365 
situations  of  HL-A  incompatibility,  e.g.,  where  immunological  reactivity  is 
precluded by the existence of mutual immunological tolerance. 
SUMMARY 
The mechanism of growth stimulation  in  allogeneic lymphocytes mixed in 
vitro was studied at the cell level by means of cytophotometric techniques. A 
pronounced increase in fluorescence intensity of fixed and acridine orange (AO) 
stained lymphocytes was observed as soon as after 1-3 hr in mixed culture. No 
increase in the amount of DNA took place during this time. The higher fluores- 
cence intensity was due to an increased accessibility of AO binding sites in the 
deoxyribonucleoprotein (DNP) complex, most probably as a result of weakened 
bonds between the DNA and the protein moiety in the DNP complex. Similar 
DNP changes have been found in other systems of growth stimulation and may 
be one prerequisite for later induction of cellular synthetic processes. 
Increased AO binding  only occurred when the lymphocyte donors were in- 
compatible at the major histocompatibility locus (HL-A); there was no change 
in AO binding in cases of HL-A identity. The AO binding reaction probably re- 
flects  a  specific  recognition  of HL-A  antigens,  whereas  other  antigenic  dis- 
crepancies between the individuals do not seem to cause an analogous response. 
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